
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


Session 7/7

Performance of a Steel Sheet Piling Bulkhead

Le comportement d’un quai en palplanches métalliques

by N o r m a n  D . L e a , P.Eng., Soils Engineer, The Foundation Company o f Canada Limited, Montreal, Quebec, Canada

Summary

The bulUhead illustrated in Fig. 1 has been under observation for

10 years with records kept of movement, tie rod extension, ore load 

and recently of piezometric pressures. The strength and consolida

tion characteristics of the clay have been extensively studied by a 

variety of methods with particular emphasis on vane tests. The vane 

test results have been used to estimate the precompression load. 

Using the measured properties of the clay, tie rod loads are com

puted by a number of procedures and the results compared with field 

measurements of tie rod stress.

Introduction and History

A  section o f the waterfront o f the Algoma Steel Corporation  

Limited property in Sault Ste. Marie, Ontario, Canada, was 

used for coal unloading from the time o f the construction of  

the first marginal wharf in about 1910, up to 1942. The war

time expansion program required the extension o f the ore 

handling and storage facilities. Thus the coal dock was to be 

converted to ore dock and this required reconstruction o f the 

marginal wharf. When used for coal storage the storage area 

carried an 80-ton surcharge1) whereas under ore storage it 

might carry as much as 350 tons. The type o f construction 

used for rebuilding the coal dock is illustrated in Fig. 1. A  

steel sheet piling bulkhead was tied back to a concrete anchor 

wall and a concrete deck supported on timber piles was used 

to carry the pier leg rail o f the ore bridge.

In the fall o f 1943, during the first season o f loading, the top 

o f the bulkhead moved out one inch under a surcharge1) o f

100 tons. During the next season o f loading, under a 190 to n 1) 

surcharge there were two further inches of movement. There

fore, the number o f tie rods was doubled and the surcharge 

restricted to about 190 ton s1). This was not a serious restric-

') Surcharges are given as averages in tons per lineal foot for the 150 ft. 

length of dock which moved the most and for the strip from the dock 

face to 160 ft. behind it.

Sommaire

Le quai en palplanches métalliques représenté à la Fig. 1 a été 

observé pendant dix ans. Au cours de cette période son mouvement 

a été mesuré ainsi que l’allongement des tirants, les surcharges 

de minerai appliquées et, plus récemment, les pressions piezomé- 

triques.

La résistance au cisaillement et la compressibilité de l’argile ont 

été tout particulièrement étudiées, par divers procédés, plus spé

cialement l’appareil à palettes. L’auteur suggère l’utilisation de 

l’appareil à palettes pour la détermination des charges de précon

solidation.

L’effort dans les tirants a été calculé par différentes méthodes, 

en tenant compte des caractéristiques physiques de l’argile, déter

minées par les essais. Les résultats sont comparés aux mesures 

directes.

tion while using the area for storing Algom a Sinter ore weigh

ing 100 lbs./cu.ft. Later, however, it became more con

venient to store Cliff Shaft ore, weighing 180 lbs./cu.ft. in 

the area, and therefore in 1951 more intensive studies o f the 

bulkhead and the underlying soil were made under the writer’s 

direction.

Description o f the Clay

The 30 to 40 foot firm clay deposit is varved red and grey. 

The varving is irregular with grey varves to i"  thick and

Fig. 1 Typical Section

Section caractéristique
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red varves to 6" thick. The clay has a horizontal laminar 

structure. Some silt partings up to 1l le" thick are present and 

these become more frequent with depth. The average plasticity 

properties are as follows:

L w P w K

Grey Clay 36 20 16

Red Clay 62 28 34

The average moisture content shows a tendency to be a maxi

mum, about 65 %, at the centre o f the deposit and a minimum, 

about 50%, at the top and bottom.

The following table compares the shear strength values ob

tained from two boreholes by a variety o f methods:

Shear Strength in tons/sq.ft.

M ethod o f  Determination EL 595 EL 565

H ole 241 Hole 242 Hole 241 Hole 242

In-situ vane tests 0.40 0.44 0.60 0.62

Laboratory unconfined 

compression 0.28 0.31 0.42 0.42

Laboratory triaxial 

slow tests 0.72 1.00

Laboratory triaxial

consolidated quick tests 0.52 0.63

Computations from 1913 slide 0.60

The vane tests were performed using the Foundation Com

panies Canada automatic recording type o f equipment (Lea 

and Benedict, 1953) which has stress control to give a length 

o f test o f 5 to 10 minutes. The testing and computing technique 

was similar to that described by Skempton  (1948) except that 

the surface o f failure was assumed to touch the vane tips. For 

both the vane and unconfined compression results the values 

shown above define the average straight-line relationship be

tween strength and depth from about 25 determinations. The 

upper few tests, which apparently showed the influence o f  

drying, have been disregarded.

Samples for laboratory testing were obtained by driving or 

pushing thin walled open ended steel tubes 3£" in diameter 

into the clay. N o  difference in strength could be detected be

tween those driven and those pushed.

Shear strengths shown in the above table as determined by 

laboratory triaxial tests were obtained from the equation

s  =  c +  N  tan <p

where c and <p are determined from the M ohr diagram, and N  

is the effective stress after full consolidation under a load equal 

to the overburden plus a surcharge o f 1.0  tons/sq.ft.

The 1913 slide occurred in the same clay deposit about 700 

feet from the location o f the bulkhead. During this slide ap

proximately 350 feet o f  timber pile marginal wharf moved out 

about 20 to 30 feet and up about 5 feet. Sufficient data and 

photographs have been preserved from which to reconstruct 

the slide with reasonable accuracy.

Borehole 241 is located close to the waterside toe o f a full 

ore pile with borehole 242, 36 feet farther under the pile. This 

is believed to be the explanation for the slightly higher strength 

in hole 242 than in hole 241. This belief is confirmed by the 

fact that holes completely removed from the influence o f ore

loads show a considerably lower strength while those under the 

centre o f the ore pile show a considerably higher strength.

It is seen that both the vane tests and the consolidated quick 

tests give strengths comparing very favorably with the strength 

from the slide computations particularly when it is noted that 

m ost o f the sliding circle was near the bottom o f the deposit. 

The use o f the consolidated quick tests, however, requires re

liable information on preconsolidation. Strengths obtained 

from unconfined compression are considerably too low. The 

criterion suggested by Skempton  (1948), however, would not 

have rejected these results. The slow tests, as expected, gave 

too high strengths because the field loadings correspond more 

closely to the consolidated quick conditions than to the slow  

test conditions.

Fig. 2 shows the e-p  curve from a typical consolidation test 

on this project. N ote the rather high compression index, about 

0 .6 , and the reverse curvature characteristic o f an extra-sensitive 

clay. Remoulded unconfined compression tests, however, 

show a degree of sensitivity o f only 4.

From laboratory consolidation tests on hole 242, the pre

compression load is estimated by the Casagrande method as 

0.7 to 1.0 tons/sq.ft. in excess o f the present overburden. This 

load is about the same as the influence o f the coal and ore piles 

would have been at hole 242. Consolidation tests in areas 

removed from the influence o f ore or coal load show the clay 

to be normally loaded.

The clay was deposited in glacial Lake Algonquin during the 

recession o f the W isconsin glaciation. At Sault Ste. Maria there 

is no geological evidence for its precompression and thus what

ever precompression exists may well have been caused by the 

ore and coal surcharge.

The rate o f increase o f the shear strength with depth has been 

used to estimate the precompression load. When the line of 

vane shear strength vs. depth is produced upward, it intersects 

the axis o f zero strength at a point which may be considered 

to give the elevation o f the surface o f the deposit which pro

duced the precompression and which had the same unit weight 

as the clay. Thus Fig. 3 shows precompression loads o f 1.0 

and 0.7 tons/sq.ft. respectively for Boreholes 242 and 241. 

Borehole 253 which is completely removed from the influence 

o f the orepiles showed a precompression load of 0.3 tons/sq.ft. 

On several other Canadian projects this method o f determining 

the precompression load appears to be reliable. It will be noted 

that it involves the assumption that the strength varies directly 

with the preconsolidation load, being zero for zero load.

It is thus concluded that the clay from boreholes 241 and 242

Fig. 2 e - p  Curve Consolidation Test el. 576, Hole 242 

Courbe œdométrique
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Fig. 4 Dock Face Movement 

Mouvement du quai

has been precompressed under a load o f  f  to 1 ton in excess 

o f the present overburden and that probably this precompres- 

sion load has been the ore or coal piled in the area. This is 

confirmed by the large settlements which have occurred in the 

storage yard floor.

Movement Measurements 

Measurement o f the movement o f the dock face was com 

menced immediately after construction and before the first 

loading. Reference points on the deck were tied into a transit 

survey and extensometers were installed on the tie rods. A  

summary o f  the results is given in Fig. 4.

It will be noted that the movement indicated by the extenso

meters is considerably greater than that measured in the transit 

survey. Since the extensometers were located near the bulk

head end o f the tie rods, this is explained by friction between 

the rods and the soil. When the new tie rods were placed, a

14,000 p.s.i. stress was applied by torque wrench to the anchor 

wall end, and a stress o f only 7,000 p.s.i. was recorded by the 

extensometers at the bulkhead end. This reduction is also ex

plained by friction and suggests a coefficient o f  friction of 

about 0.9 between the tie rods and the surrounding slag fill.

The movement measurements are useful in estimating the tie 

rod stress to check the lateral earth pressure computations.

UJ
cr
o
Fig. 5 Pore Water Pressure Measurements 

Mesures des pressions hydrostatiques
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Six piezometers using Bourdon gauges were installed in the 

summer o f 1951 at the locations shown on Fig. 1. Fig. 5 is a 

graphical presentation o f som e o f the readings obtained.

The peak loading during the years 1945 to 1950 was probably 

about 180 to 190 ton s1). Bourdon Gauges were installed on 

the piezometric tubes at the water table in July 1951, when the 

load was about 160 ton s1). N ot until the loading o f 15 Oc

tober, however, when the load reached about 210  tons was 

there a very marked pressure rise. This is probably an indi

cation that not until 15 October was the preconsolidation load  

appreciably exceeded. This is in agreement with the computed 

precompression load since the influence o f  the September 

loading distributed by the theory o f elasticity is in the order 

o f 1 ton/sq.ft. at the piezometer locations.

The load increase in early November was mostly to the south 

o f the 100  ft. strip for which the average loads are computed  

but as seen from Fig. 5 it still had considerable influence.

') The load referred to under piezometer readings is the average load 

in tons per linear foot for the 100 ft. length o f dock in which the piezo

meters are centrally located considering a strip from the dock face to 

160 ft. behind it.

Pore-Water Pressure Measurements The rapid drop in the pore-water pressures after the 14 Oc

tober loading is significant. From the theory o f consolidation

T  k ( \ + e ) t  

w aaIP

The values o f e, H  and w are known to be respectively 1.3, 

18 feet, and 1 g/cm3. The ratio 77?, estimated as 2.3 x 10-7 sec. 

_1 from the shape o f the falling piezometric pressure curve after 

14 October, gives a value o f 0.03 g/cm sec for the ratio k j a v. 

The ratio k / a v is determined from laboratory tests as .0002 to 

.0008 g/cm sec for consolidation on the virgin branch and .002 

to .01 for recompression. Thus it is seen that the in-place 

coefficient o f  permeability “k ” is much greater than that de

termined in the laboratory and/or that the coefficient o f com 

pressibility is much less than that determined in the laboratory.

Bulkhead Computations

It will be noted on Fig. 4 that the stress in the tie rods reached 

the yield point which is fairly well defined for this steel at

41,000 p.s.i. and remained there throughout the 1943 and 1944 

loadings. This is most significant.

O f the many bulkhead analysis procedures which have been
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Fig. 6 Tie Rod Load Computations

Calcul des efforts dans les tirants

T ie  R o d  L o a d  

C o m p u te d  =  5 t / f t .  

M e a s u re d  = 9  t / f t .

CONTINUOUS FILL 0 * 3 5 *
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checked against this measured tie rod load, two will be dis

cussed here. One, called the “ M ethod o f Planes” , is simply 

an adaptation o f the Coulomb method. The other uses twice 

the horizontal Bousinesq pressure as the effect o f the surcharge.

In both procedures the bulkhead, for purposes o f  computing 

the influence o f the ore load is assumed to be 40 feet shoreward 

from its real location. This is because the forest o f bearing 

piles under the relieving platform act in bending, thereby trans

ferring lateral earth pressure to the relieving platform and 

thence to the tie rods. A  summary o f the results o f the com 

putations is shown in Fig. 6 . It will be noted that both o f the 

methods show a tie rod load about 50% greater than that 

measured in 1944 and this agreement would be much better 

if the fixity at the toe was taken into account. For the 1943 

conditions however, the measured loads are about 10 0 % greater 

than the computed and toe fixity would make this worse. The 

difference between the 1943 and 1944 conditions is that the load  

was increased and the displacement increased from a yield 

ration o f 0.0014 to 0.0041. This suggests that for clays the 

above two procedures only give reasonable results for the com 

paratively large yield ratios which apparently are necessary to 

mobilize the strength o f the clay.

Conclusions

(1) The piezometric observations, as well as providing a re

cord o f the consolidation and an aid to the control o f the load

ing, also give useful information on the in place soil properties 

“k"  and “a ” .

(2) The coefficient o f friction between soil and tie rods may

be as great as 0.9 and this may have an appreciable effect on 

tie rod stress.

(3) For this project vane test results agree with slide failure 

computations and exceed unconfined compression shear 

strength results by 50%.

(4) In-situ vane tests can be used successfully to determine 

the precompression load o f a clay.

(5) The minimum lateral earth pressure effect o f  heavy ir

regular surcharges overlying natural clay deposits can be de

termined by either the “ Method o f P lanes” or the theory o f 

elasticity. U ntil the yield ratio reaches comparatively large 

values in the order o f 0.004 however, tie rods may receive twice 

the load indicated by such computations.
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